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??? (???? 29 %??)???????? [1]????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????1?????????????????????
????????????? (Wavelength Division Multiplexing : WDM)????????????
???WDM?????????????????1995???? 20 Gbps×8?????? [2]???
?????2001 ??? 10 Tbps ???? 42.7 Gbps×273 ???????????? [3]??????
??WDM??????????????????????????????????????????
????????????????????????????????????????
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??????????????????????????????????????????????
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???????????????????????????????????????????????
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1.1 ?????????????????????
??????????????????????????????????????????????
2011??? 31 Exa Byte/???????2016??? 110 Exa Byte/??????????5??? 3.5
??? (???? 29 %??)???????? [1]????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????????????1?????????????????????
????????????? (Wavelength Division Multiplexing : WDM)????????????
???WDM?????????????????1995???? 20 Gbps×8?????? [2]???
?????2001 ??? 10 Tbps ???? 42.7 Gbps×273 ???????????? [3]??????
??WDM??????????????????????????????????????????
????????????????????????????????????????
1.2 ????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
2 ? 1? ??
Optical
signal
O/E E/O
Electrical signal
processing
?Path provisioning
?Wavelength conversion
?Signal Regeneration
etc.
Node
Optical
signal
Conventional technology
Optical
signal
All optical
Signal processing
?Optical swtching
?Wavelength conversion
?Signal Regeneration
etc.
Node
Optical
signal
All optical signal processing
? 1.1 ????????????????????
???????????????????????????????????????????????
??????????? [4]??????????????????????????????????
???????????????? OADM (Optical Add-Drop Multiplexer)???????????
????????????? [5]????????????????????????????????
(Optical Cross-Connect : OXC)????????????????????????????????
??????????????????OXC??????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
OXC????????????????????????????????????????????
???????????????????????????
??????????????????????????????????????? 3R?????
???????????????????????????????? [6]–[8]????????????
??????????????????????????????????????????????
????????????????????????? 3R????????????????????
????????????????3R??? (Regeneration)????? (Reshaping)????????
(Retiming)?????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????
? 1.1???????????????????????????????????????????
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I = eη
hν
GPsM (2.1)
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?????M ????????????????? (Avalanche Photo Diode : APD)????????
????????????? PIN PD?????M = 1???????? Rl ????????? I2Rl
???????????????????????????????????????????????
???????????????????2e(eη/hν)Ps?4kT/Rl ?????????????????
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???????????????????????????????????? x? 0.2???? 1??
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N =
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√
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)2B
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√
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B
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???????????????nsp ???????????????? (?1?)??????? (?0?)
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√
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(b) PSK??
PSK ?????????????????????????????????????????
????????PSK ??????OOK ????????????? 1bit ??????????
BPSK (Binary Phase Shift Keying)??????BPSK???????????1?????????0?
??????????????π???0??????????????????????????????
PSK????????????????????????????????????????????
???????????????????? 2.3(a)??? (b)????? OOK??? BPSK????
?????????????1???0?????? 1/2?????? X2/2??????????OOK?
???????1????????????????X??????X2??0?????????????
?????????? 0???????????????????????????X2/2??????
??? BPSK??????????π?(??????1?)??????????????? X/
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√
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?? X2/2???????????? X2/2?????????????OOK???????????
? X ????????BPSK????????????
√
2X ????OOK???
√
2??????
????????????? OOK????? BPSK?????????????????????
BPSK?????????? 1bit?????????????????????????????? 4
????????????????????2bit???????????? QPSK (Quadrature Phase
Shift Keying)??????QPSK????????????????QPSK????????????
??BPSK??????????????????????????????????????????
???????BPSK?????????????????????????????????????
???????????????????????? 2?????? 2.3(c)? QPSK????????
????OOK??? BPSK??????????????????? 1/4?????? X2/2???
?????????????????????????X/
√
2??????X2/2??????????
?? X2/2??????????????? X ??? OOK???????????????????
???????QPSK?????????????????????????????????????
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= X2/2
2
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Pave ?Average power
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    Phase
modulator
1  0  1 Electrical
   signal
TX
π  0  π
Optical
 signal
Optical
 fiber
1  0  1 Electrical
   signal
RX
Balanced PD
Local LD
Local reference light
 Sig.
Proc.
Phase/frequency
       locking
? 2.4 BPSK???????????????????????
??????????
? 2.4? BPSK??????????????????????????????????????
?????OOK?????????LD????????????????????????????
???????????????????????????? (Local reference light)????????
????? PD????????????????????????????????????????
????????????????????????????? 0?????????????????
????????????????????????????????? Is?ωs?δs????????
???????????? ILO?ωLO?δLO ??????????????? Ib ?????????
Ib =
√
IsILO cos(Ωt+ δ), Ω = ωs − ωLO, δ = δs − δLO (2.5)
????????????
√
IsILO ??????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????? δs ?????????
???PSK???????????????????????? PD???????????????
???????????????? (2.5)??????????OOK???????????????
???????????????????????????????????????????????
LD?????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????
????????
???????????BPSK?????? QPSK??????????????????????
?? BPSK?????? QPSK?????????????????
? 2.5? BPSK??????????????????????????????????????
?????????????????????????????? LD???????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
????????????? (Delay interferometer)???????????????????????
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����
E
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+ E
2
���� = |E| (2.6)
??????? π ??????????
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����
E
2
− E
2
���� = 0 (2.7)
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eη
hν
M |E|2 = − eη
hν
M |E|2 (2.9)
????????IM-DD?????????? (?0?)??????????????????????
DPSK????????????? (?0?)?????????? (?1?)?????????????
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??????????? OOK???????????? 3dB???? [39]?
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RX
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T
        Delay
interferometer 11  1  0
π/4
   3dB
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Electrical
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Balanced
    PD 2
T
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interferometer 2
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1  1  0
? 2.6 QPSK???????????????????
Im {E}
Re {E}
(a) QPSK 1
Im {E}
Re {E}
(b) QPSK 2
Im {E}
Re {E}
   (c) QPSK 1 + QPSK 2
(After delay interference)
? 2.7 QPSK????????????????????
? 2.6? QPSK??????????????????????????????????????
?????????????2???????????2???????????????? 4????
??????????BPSK??????????????????????????????????
?????????????????????????????????????2?????????
?????????????? an?bn??????????????? qn?pn ???????????
????????
pn? = an bn pn−1 + an bn qn−1 + an bn qn−1 + an bn pn−1 (2.10)
qn? = an bn qn−1 + an bn pn−1 + an bn pn−1 + an bn qn−1 (2.11)
?????????????BPSK????????????????? PD????????????
???QPSK????????????? 2bit??????????????????? 3dB????
2??????2???????????????????????????????????????
????? π/4????????????? −π/4?????? QPSK??? π/4?????????
QPSK?????????????????? 2.7????????????????????????
??±π/4??? ±3π/4??????????????????????????????? QPSK?
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??????? E ???????+π/4?????????????????????? |Eout|??
|Eout| =
����
E
2
+ E
2
[
cos(π/4) + i sin(π/4)
]���� ∼ 0.92× |E| (2.12)
????−π/4???????????????????|Eout| ∼ 0.92× E ????±3π/4?????
???????????
|Eout| =
����
E
2
+ E
2
[
cos(±3π/4) + i sin(±3π/4)
]���� ∼ 0.38× |E| (2.13)
???????????????????????????????????????????????
?????????2?????????????????????QPSK?????? BPSK???
???????????????????????????????????????????????
?????0???????? 0??????????????BPSK???????????? 1dB?
?????????????????????? PD???????? ±π/4?????
I = Iconst − Idest ∼
eη
hν
M |0.92× E|2 − eη
hν
M |0.38× E|2 = 0.71× eη
hν
M |E|2 (2.14)
??????? ±3π/4?????
I = Iconst − Idest ∼
eη
hν
M |0.38× E|2 − eη
hν
M |0.92× E|2 = −0.71× eη
hν
M |E|2 (2.15)
????
??????????????????????????????????????????????
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???????????????????????????????????????????????
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???????BPSK????? QPSK?????? 10 Gbps??????????????????
???? LD?????????????????????????????????
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64QAM????????????????? 2.8????16QAM????????????????
??? 1/16?????? X2/2????????????????
√
1/5X = 0.45X??? OOK??
????????????????????????16QAM??? OOK?????????????
?? 1/4??????????????? 1/4???????? 1/4????
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(a) 4QAM (b) 16QAM
(c) 32QAM (d) 64QAM
Im {E}
Re {E}X
Im {E}
Re {E}
0.45 X
Im {E}
Re {E}
Im {E}
Re {E}
? 2.8 QAM?????????? (a) 4QAM?? (b) 16QAM?? (c) 32QAM?? (d) 64QAM??
QAM????????????????????????????????????????16QAM
????????????????????? 2.9????? 16QAM???????????? [40]?
???? QPSK ??????? 2 ????????????????????????? QPSK ??
1?????? 6dB????? QPSK?? 2???????? 16QAM????????QPSK??
?? LN-??????????????? (LiNbO3 Mach-Zehnder Modulator : LN-MZM)???? 2
???????????????????????????????????????????????
???? 90??????????????????????????????????????? PD
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
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???????????????CSRZ????????????????????? RZ??????
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Phase  
Data
Phase  Phase  
Phase  
Phase  
Phase  
Data Data
Befor OOK modulation
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3.2.2 ????????????
SOA ??????????????????????????????????????????
E1?E2 ???????????????????????? 2 (E2) ???????????????
??? 1?????hν=E2 − E1 (h ???????)??????? ν ??????????????
3.4 (a)????????????????????????????????????????? t?
N2 ??????? 2???????????????????? 1???????????????
−dN2
dt
= A21N2 ≡
N2
τ
(3.1)
????A21 ?????????? A???????????????????τ ??? 2→1????
??????????
???????????? ν ????????????? 1?????????? 2???????
??????? 2?????????? 1????????????????????????????
?????????????????? 3.4 (b)?????????? 3.4 (c) ???????????
?Wi ????????????????? Iin ???????????? [46]?
Wi =
c2γ(ν)
8πn2ν2τ
Iin = σ(ν)
Iin
hν
(3.2)
????
σ(ν) = c
2hγ(ν)
8πn2ντ
(3.3)
?????????????? (Iin/hν) ????????????????????????????c
????????n???????????????γ (ν)??? 2→1??????????????
???????????????????Wi ??? σ (ν)????????????????????
??????????????????????????N2 ? N1 ????
N2
N1
= exp
[
− (E2 − E1)
kT
]
= exp
(
− hν
kT
)
(3.4)
E2 (N2)
E1 (N1)
hν=E2-E1
(a) Spontaneous emission (b) Stimulated absorption (c) Stimulated emission
E2 (N2)
E1 (N1)
hν=E2-E1
E2 (N2)
E1 (N1)
hν=E2-E1
hν=E2-E1
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dz
=
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Γ(N2 −N1)σ(ν)− α
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???????? 0.1ps ??????????????? 1ps ??????????????????
??????????????????????????????????????????? (3.1)?
(3.6) ????????????????????????????????????????????
?????????????????? [50]?
dN
dt
= J
qd
− N
τ
− Γgm
hν
|E|2 (3.30)
????N ????????J ???????????q ???????d ????????τ ???
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En
erg
y
State density
Emax1=hνmax1
En
erg
y
State density
Emax2=hνmax2 : Wavelength shift
(a) Carrier density : low (b) Carrier density : high
Conduction
      band
Valence
   band
Conduction
      band
Valence
   band
Energy
   gap
Energy
   gap
State density of 
         hole
State density of 
      electron
? 3.15 ??????????
??????????Γ ????????gm ??????????????????hν ??????
???E ??????????
???? gm ??? (3.6)????????????????????????????????? a1?
a2 ?????
gm (N,λ) = a1 (N −N0)− a2 ( λ− λp ) (3.31)
?????????????gm ??? λ????? [51]?N0 ????????????????λp ?
???????????????????????????????????????????????
?????????????? 3.15???????????????????????????????
????????????? (a)????????????????????????????????
???????????????????????????????????????????? (b)?
???????????????????????????????????????????????
???????????????Emax1 ?? Emax2 ???????????????????????
???????????????????????????????????????????????
?????????????????????????????? a3 ?????????????
λp(N) = λ0 − a3(N −Np) (3.32)
????λ0 ??????? Np ??????????????? 3.16???????????????
???????????????????????N0 = 1.1× 10−18 cm−3?Np = 1.1× 10−18 cm−3?
a1 = 3.0× 10−16 cm2?a2 = 0.07 cm−1nm−2?a3 = 1.5× 10−17 cm3nm???????????N ?
1.5× 10−18 cm−3?2.0× 10−18 cm−3?2.5× 10−18 cm−3 ???????????????
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? 3.16 ????????????????????????????
????????????????????????????????????????
∇2E − ϵ
c2
∂2E
∂t2
= 0 (3.33)
????c?????????? ϵ?????????
ϵ = n2 + χ (3.34)
?????? n?????????????? SOA???????? (z ??)???????? x?y
????????????? χ??????? N ????????????????????????
??χ? N ????????????????????χ? N ??????????????????
???
χ(N) = − n¯c
2πν
(αl + j)gm (3.35)
?????????????n¯???????????αl ?????????????????????
????????????αl ?????????????????????????? [50]?
αl = −
πa1
λ
dn¯
dN
(3.36)
SOA ????????????????????????????????SOA ????????
?????? 1??????????????????????????????????? SOA??
?????????????????? SOA???????
E(x, y, z, t) = xˆ1
2
{
F (x, y)A(z, t) exp
[
j(βz − 2πνt)
]
+ c.c.
}
(3.37)
??????????xˆ ??????????????????F (x, y) ??????????????
A????????????????? β = 2πνn¯/c????c.c.?????????????????
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(3.37) ? (3.33) ?????????????????????? A(z, t) ?????????????
??A(z, t)? z?t???? 2??????????
[∂2F
∂x2
A+ ∂
2F
∂y2
A+ 2jβF ∂A
∂z
− β2FA+ ϵ
c2
(
4jπνF ∂A
∂t
+ 4π2ν2FA
)]
· exp
[
j(βz − 2πνt)
]
+ c.c. = 0 (3.38)
????? (3.38)????? z??? t??????????????ϵ = n2 + χ??????
1
F
[∂2F
∂x2
+ ∂
2F
∂y2
− β2F + 4π
2ν2n2
c2
F
]
+ 2jβ 1
A
[∂A
∂z
+ 1
vg
∂A
∂t
− 2jπ
2ν2
βc2
χA
]
= 0 (3.39)
????????vg = n¯c/ϵ????????????????? (3.39)?????? F ???? x?y
???????????F ??
∂2F
∂x2
+ ∂
2F
∂y2
+ (n2 − n¯2)4π
2ν2
c2
F = 0 (3.40)
?????? (3.39)????????? A???????????????????????????
???????????????? β = 2πνn¯/c?????????????? A???? z?t???
????????A??
∂A
∂z
+ 1
vg
∂A
∂t
= jπνΓ
n¯c
χA− 1
2
αA (3.41)
?????????α? χ = 0??????????????????????????? Γ??
Γ =
∫ w
0
∫ d
0 |F |
2dxdy∫∞
−∞
∫∞
−∞ |F |2dxdy
(3.42)
??????w ??????????
??????????????????????
t′ = t− z
vg
, z′ = z (3.43)
?????t′ ???? vg ?????????????? (3.41)??
∂A
∂z′
= jπνΓ
n¯c
χA− 1
2
αA (3.44)
??????????????? A? z ????? t???????
A =
√
I exp(jϕ) (3.45)
???????? I(z′, t′)????? ϕ(z′, t′)????? (3.45)? (3.44)?????(3.35)??????
∂I
∂z′
+ j2I ∂ϕ
∂z′
= (Γgm − α)I − jαlΓgmI (3.46)
???????I?ϕ?????????? (3.46)???????????
∂I
∂z′
= (Γgm − α)I (3.47)
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n¯c
χA− 1
2
αA (3.41)
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Γ =
∫ w
0
∫ d
0 |F |
2dxdy∫∞
−∞
∫∞
−∞ |F |2dxdy
(3.42)
??????w ??????????
??????????????????????
t′ = t− z
vg
, z′ = z (3.43)
?????t′ ???? vg ?????????????? (3.41)??
∂A
∂z′
= jπνΓ
n¯c
χA− 1
2
αA (3.44)
??????????????? A? z ????? t???????
A =
√
I exp(jϕ) (3.45)
???????? I(z′, t′)????? ϕ(z′, t′)????? (3.45)? (3.44)?????(3.35)??????
∂I
∂z′
+ j2I ∂ϕ
∂z′
= (Γgm − α)I − jαlΓgmI (3.46)
???????I?ϕ?????????? (3.46)???????????
∂I
∂z′
= (Γgm − α)I (3.47)
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∂ϕ
∂z′
= −1
2
αlΓgm (3.48)
??????????SOA??????? Iout ????? ϕout ???????????? Iin ????
? ϕin ????????????
Iout(t′) = Iin(t′) exp
[∫ L
0
(
Γgm − α
)
dz
]
(3.49)
ϕout(t′) = ϕin(t′)−
1
2
αlΓ
∫ L
0
gmdz (3.50)
????L???????????
????
?????????????????????????????????????????????
??????????????? (3.30)??????? [52]??? t = 0???????? I = |E|2 ?
I = 0?? I = I0 ???????????????????????????? I0 ????Γgm ? N
?????????Γgm = AgN ???????? (3.30)??
dN
dt
= J
qd
− N
τ
−AgN
I0
hν
(3.51)
????? (3.51)????????????
dN
dt
+ N
τc
= J
qd
(3.52)
????
τc ≡
1
Ag I0/hν + 1/τ
(3.53)
????? (3.52)??????C ??????????????????
N(t) = C exp
(
− t
τc
)
+N(∞) (3.54)
????
N(∞) = Jτc
qd
(3.55)
????t→∞?? N ?????????? N(0)??????? C ??
C = N(0)−N(∞) (3.56)
??????? (3.56)?? (3.54)???????
N(t) = N(0) exp
(
− t
τc
)
+N(∞)
[
1− exp
(
− t
τc
)]
(3.57)
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????? (3.57) ?????????? N(0) ?? N(∞) ???? τc ?????????????
(3.53) ???????????????????????? τ ??????????? τc ??????
???????????????????????????????????????????????
????????????????????????Ag ?????? I0 ?????????? (3.53)?
???????????? τc ??????Ag ??? I0 ?????????????????????
???????SOA????? gm ?????????????????? Γ????????? SOA
????? Ag ????????????????? CW?? SOA????????????? I0 ?
?????????? [53][54]?
??????????????????????????????????????
3.4.2 ???????????
?????????SOA????????? (z ??)?????????????????????
???????????????? SOA????????????????????????? z???
????????????????????????? L? SOA??? ∆L?M?????????
???????????????????????????????????????????????
?????????????????? 3.17 ??????????????? SOA ????????
????? I(s)i ?I
(p)
i ??????? i??????????????????????????ASE
±
i
??? i????? ASE?????+??????−??????????????Ni(t)?Sti(t)??
????? t?????? i????????ASE??????????? (3.30)????? i????
????????????????????
dNi
dt
= J
qd
− Ni
τi
−
∑
x=s,p
g(x)mi · I
(x)
avi
hν
− gmp · Sti (3.58)
?? i?????????? τi ?????????????????????? [55]?
τi =
1
A+BNi + CN2i
(3.59)
??? A?B?C ?????????????????
I(x)avi ???? i???????????1??????????????????? i???????
N1 ( t )
gm 1 ( N1 ,λ )
Section 1
∆L
St 1 ( t ) ASE+i ( t )
I (p)0 ( t )
I (s)0 ( t ) Ni ( t )
gm i ( Ni ,λ )
St i ( t )
Section i
ASE -i ( t )
NM ( t )
gm M ( NM ,λ )
Section M
St M ( t )
I (p)M ( t )
I (s)M ( t )
? 3.17 ?????????????? SOA??????
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∂z′
= −1
2
αlΓgm (3.48)
??????????SOA??????? Iout ????? ϕout ???????????? Iin ????
? ϕin ????????????
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dz
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1
2
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0
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dN
dt
= J
qd
− N
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−AgN
I0
hν
(3.51)
????? (3.51)????????????
dN
dt
+ N
τc
= J
qd
(3.52)
????
τc ≡
1
Ag I0/hν + 1/τ
(3.53)
????? (3.52)??????C ??????????????????
N(t) = C exp
(
− t
τc
)
+N(∞) (3.54)
????
N(∞) = Jτc
qd
(3.55)
????t→∞?? N ?????????? N(0)??????? C ??
C = N(0)−N(∞) (3.56)
??????? (3.56)?? (3.54)???????
N(t) = N(0) exp
(
− t
τc
)
+N(∞)
[
1− exp
(
− t
τc
)]
(3.57)
3.4 ????????????????? 41
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±
i
??? i????? ASE?????+??????−??????????????Ni(t)?Sti(t)??
????? t?????? i????????ASE??????????? (3.30)????? i????
????????????????????
dNi
dt
= J
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− Ni
τi
−
∑
x=s,p
g(x)mi · I
(x)
avi
hν
− gmp · Sti (3.58)
?? i?????????? τi ?????????????????????? [55]?
τi =
1
A+BNi + CN2i
(3.59)
??? A?B?C ?????????????????
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Section 1
∆L
St 1 ( t ) ASE+i ( t )
I (p)0 ( t )
I (s)0 ( t ) Ni ( t )
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? 3.17 ?????????????? SOA??????
42 ? 3? ???????????????????????
?????? (3.49)??????????????
I(x)avi = I
(x)
i−1
exp(gi∆L)− 1
gi∆L
(3.60)
????gi(Ni, λ)??? i????????????
gi(Ni, λ) = Γgmi − α (3.61)
??????? i????? gmi ???????? Γ????? α?????????????
ASE ?????????????? i ???????????????????? ASE ?????
?????????????
Sti = Si +
ASE+i +ASE
−
i
E
· exp(gpi∆L)− 1
gpi∆L
(3.62)
????Si ??? i???????????????????????? [56]?
Si = 2β
N2i
τigpi
[exp(gpi∆L)− 1
gpi∆L
− 1
]
(3.63)
????β ???????????gpi ?????????????????? (gpi(Ni, λ) = Γa1(ni −
n0)−α)?????? i????? ASE??????????????? ASE???????????
??????????????????
ASE±i = exp(gpi∆L) ·ASE
±
i∓1(t−∆t) +
Si∓1(t−∆t) · hν0
2
(3.64)
????hν0 ????????????????????????∆t? 1?????????????
??????? (∆t = ∆L/vg)?
? 3.17??????????? t??? i???????????????????????? (3.49)
??????????????????????????????????????????????
I(x)i (t) = G
(x)
i (Ni(t−∆t), λx) · I
(x)
i−1(t−∆t) (3.65)
????G(x)i (Ni, λx) = exp(g(Ni, λx) ·∆L)???????????????????????
????????????????????????? ϕi ??? (3.50)???????????
ϕi = −
2π∆LΓ(Ni −N0)
λx
dn¯
dN
(3.66)
???????????????????????????????????????????????
??????SOA??????????????????????? SOA?????????????
?????????????????? 4????????????????????????????
??????????? 3.12? SOA1?SOA2???????????? (3.23a)??????????
???????
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Control NRZ-OOK data (λ0)
Probe RZ clock (λ1)
Assist CW (λ2)
SOA#1
SOA#2 ∆φ
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   data signal (λ1)SOA-MZI wavelength converterπ  π  0  0  π
π  π  π  π  π
π  π  0  0  π
1bit delay Balanced
receiver
Decoder
RX1  1  0  0  1 Ε0
Ε1
Ε0−Ε1
    2
Ε0+Ε1
    2
Ε0+Ε1
    2t
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t
t
t
t<port1>
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? 3.18 ???? NRZ-OOK/RZ-BPSK??????
3.5 ??OOK/BPSK??
?????SOA-MZI ????????????? OOK/BPSK ????????????????
???????????????????????????????????????????????
?????????????????????????????????????????
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? 3.18????? NRZ-OOK /RZ(Return-to-Zero)-BPSK????????????SOA-MZI?
????????????????? [57]????MZI??? SOA (SOA#1)??? SOA (SOA#2)
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???
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???????? 1 ?? SOA#1 ??????????? λ1 ? RZ ???????????? λ2 ?
CW??????????????????????????? 2???????? SOA#1?#2??
?????SOA#1 ????????????? SOA#1 ????????????????????
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?????????????? (“0”)???? SOA#1??????????????? E0???? 0?
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??????????????????????????????????????????????
?????????????? 0?????? (E0 + E1)/2 ???????????????????
???????????????????????????????????????? π??????
(E0 + E1)/2??????????????OOK??? “0”??? “1”????? BPSK?? “0”?
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signal 1
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output
λ0
∆π/2
∆π/2
NRZ-OOK/RZ-16QAM Modulation format converter
<Port 1>
<Port 1>
<Port 2>
<Port 3>
<Port 4>
<Port 5>
? 3.59 ???? NRZ-OOK/RZ-16QAM??????
?????????????? 3.2 ??????????????? 3.59 ?????? 1?5 ???
???SOA-MZI ?????????? SOA ????????? 8.5 dB?8.5 dB?8.5 dB?8.5 dB?
15.0 dB ???????SOA ???????????????? 15.0 dB ????????????
10 Gsymbol/s ??????? 1?4 ??????????????????????????????
??????????????1545.3 nm?1535.0 nm?1542.0 nm????????????????
???????????????? RZ-16QAM?????????? I-Q?????????????
?????????????????????????? 8.9 dBm?3.0 dBm ???????????
???????? 8.5 dBm??????? 10.0 dBm ????4?? SOA-MZI??????????
???SOA1??? 4?5?8??????? 800 mA?SOA2??? 3?6?7??????? 211 mA?
???????? 1?4??????????????? 27-1? PRBS??????????????
????????? 33 %???????SOA??????????????????????????
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????? RZ-16QAM ????????? 3.60 ???????????? 8.5 dBm ??????
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????????????????? RZ-16QAM ??? I-Q ???????? 3.61 ???????
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te
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(a)
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??? 10.0 dBm???
I amplitude a.u.
Q
 a
m
pl
itu
de
 a
.u
.
(0, 0, 0, 0) (1, 0, 1, 0)
I amplitude a.u.
Q
 a
m
pl
itu
de
 a
.u
.
(0, 0, 0, 0) (1, 0, 1, 0)
(b)(a)
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? EVM(Error Vector Magnitude)??????????????????? EVM??????EVM
?????????
EVM =
√∫
|e(t)|2dt∫
|y(t)|2dt
≈
√∑
k |e(k)|2∑
k |y(k)|2
(3.71)
????y(k) ∼= y(kT ) = y(t)|t=kT ????????????e(k) ∼= e(kT ) = e(t)|t=kT ???????
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I
Q
ya(t)
y(t)
Measured symbol location
Ideal symbol 
location e(t) = y(t)? ya(t)
Error vector
? 3.62 ????????????????
????????????????
e(t) = y(t)− ya(t) (3.72)
?????ya ???????????y(t)?e(t)?ya(t)????? 3.62????
? 3.63 ?????????????????? RZ-16QAM ??? EVM ?????????NRZ-
OOK?? 1?2?????????NRZ-OOK?? 3?4?????????? EVM???????
??????????????2?? RZ-QPSK??? 4:1???????????NRZ-OOK?? 1?
2??????? RZ-QPSK???????????????????SOA????????????
??????????????? EVM??????????????EVM? 10 %????????
0.85?1.20????????? 1.5 dB??????????????NRZ-OOK/RZ-16QAM????
??????????????????????????????????????????????
??2R???????????????????????????????????????????
????????
? 3.64???????????????????????? RZ-16QAM??? EVM??????
???EVM? 5 %???????? ±20 ps??????????????????????????
??? TDL?????????????????????????????????????????
???????????????????????? 4.2 %? EVM????????????????
?????????????SOA??????????????? RZ-16QAM??????????
????????????EVM?????????? SOA???????????????????
???????
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????? OOK/QPSK????? OOK/16QAM???????????????????????
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?? OOK/BPSK????????OSNR????? OOK??????????????????
OOK/BPSK????????? BER????????OSNR????????? OOK?????
???????????????????????????????????????????????
????? 2R??????????????????????????
?? OOK/QPSK????????OSNR????? OOK??????????????? BER
???????????????? OOK/QPSK????????????????????? QPSK
???????? BPSK???? 2???????????????????????OOK/BPSK?
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???????? BPSK???? 2???????????????????????OOK/BPSK?
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OOK/16QAM???? OOK/QPSK?????????????????????????????
???????????? OOK/16QAM?????????? SOA?????????????
75
? 4?
????????????????
????????????
4.1 ??
???????????????????????????????????????????
???????????????? (Cross Phase Modulation : XPM) ?????? On Off Key-
ing(OOK)/Binary Phase Shift Keying(BPSK)????? OOK/?? Phase Shift Keying(PSK)??
???????????????????????????????????????????????
???NonLinear Schro¨dinger Equation : NLSE????????????????????????
??????????????????????????????????????????
4.2 ???????????????????????
4.2.1 ??????????????
??????????????????????? NLSE?????? [66][67]?
j ∂E
∂z
− β2(z)
2
∂2E
∂t2
+ γ(z)|E|2E = −jξ(z)E + j β3(z)
6
∂3E
∂t3
(4.1)
????E(z, t)[
√
W]????????????z[m]???????????????????t[s]??
?????????????????????β2(z)[s2/m]?β2 >0 : ?????β2 <0 : ???????
?????γ(z)[1/(m·W)]??????ξ(z)[1/m]????β3(z)[s3/m]? 3????????????
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????E(z, t)[
√
W]????????????z[m]???????????????????t[s]??
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76 ? 4? ????????????????????????????
??????β2?γ?ξ?β3 ??



β2(z)[s2/m] = −
(λ[m])2D(z)[s/m2]
2πc[m/s]
γ(z)[1/(m ·W)] = 2πN2(z)[m
2/W]
Aeff(z)[m2]λ[m]
ξ(z)[1/m] = ln 10 α(z)[dB/m]
20
β3(z)[s3/m] =
(Dλ(z)[s/m3]λ[m] + 2D(z)[s/m2])(λ[m])3
(2π)2(c[m/s])2
(4.2)
???????????D(z)[s/m2]?N2(z)[m2/W]?Aeff(z)[m2]?α(z)[dB/m]?Dλ(z)[s/m3]?λ[m]?
c[m/s] ????????????????????????????????????? (α > 0)???
???? (α < 0)????????????????????????????? (4.1)????????
?????????????????? t0[s]??? z0[m]?????? P0[W]????????????
T?Z?U ?????????
T ≡ t
t0
Z ≡ z
z0
U ≡ E√
P0
(4.3)
? (4.3)??????? (4.1)??
j ∂U
∂Z
− b2(Z)
2
∂2U
∂T 2
+ s(Z)|U |2U = −jΓ(Z)U + j b3(Z)
6
∂3U
∂T 3
(4.4)
????? (4.4)??????? NLSE??????b2(Z)?s(Z)?Γ(Z)?b3(Z)??????????
???? 


b2(Z) =
β2(Z)[s2/m]z0[m]
(t0[s])2
s(Z) = γ(Z)[1/(m ·W)]P0[W]z0[m]
Γ(Z) = ξ(Z)[1/m]z0[m]
b3(Z) =
β3(Z)[ s3/m]z0[m]
(t0[s])3
(4.5)
??????
4.2.2 ?????????????????????????
???????????????????? NLSE (4.4)????????????????????
???????????????????????????????????????????
?????
???????????????????????? (Group Velocity Dispersion : GVD)????
??????????????????????? NLSE (4.4)????????????3?????
4.2 ??????????????????????? 77
Time [20ps/div.]     
0=Z
5.2=Z
0.5=Z
? 4.1 GVD??? sech????????????
????????????s(Z) = Γ(Z) = b3(Z) = 0?????? (4.4)?
j ∂U
∂Z
− b2(Z)
2
∂2U
∂T 2
= 0 (4.6)
??????????? sech ????????????????????b2(Z) = −1 ???? (4.6)
??????????? Z = 0?2.5 ??? 5?????????????? 4.1 ????? 4.1???
GVD????????????????????????????????????????????
???????????????????????????????????????????????
?????????????????D > 0?b2 < 0?β2 < 0 : ??????????????????
?????????D < 0?b2 > 0?β2 > 0 : ??????????????????????????
????????????????????????????????
??????
???????????????????? (Self Phase Modulation : SPM) ????????
???????????? NLSE(4.4) ???? GVD????3 ????????????????
b2(Z) = Γ(Z) = b3(Z) = 0?????
j ∂U
∂Z
+ s(Z)|U |2U = 0 (4.7)
?????????? U(0, T )???? (4.7)?????
U(Z, T ) = U(0, T ) exp[jϕSPM(Z, T )] (4.8)
????????
ϕSPM(Z, T ) = |U(0, T )|2
∫ Z
0
s(ζ)dζ (4.9)
????? (4.8)?(4.9)??SPM???????????????????????????????
???????????????????????????????????????????????
?????????????? ω0 ???????????? δωSPM ??
δωSPM = −
∂ϕSPM
∂t
= − 1
t0
∂ϕSPM
∂T
= − 1
t0
d|U(0, T )|2
dT
∫ Z
0
s(ξ)dξ (4.10)
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78 ? 4? ????????????????????????????
? 4.2 SPM??????????????????
????δωSPM ???????????????????? SPM?????????????????
?????????????????????????????????????????????
?????s(Z) = 1????????????????????????????????????
???
U(0, T ) = sech(T ) (4.11)
??????????
ϕSPM = sech2(T )Z (4.12)
?????????????
δωSPMt0 = 2 sinh(T )sech3(T )Z (4.13)
????? (4.13)???????????????????????????????????????
?????????Z = 1??? sech?????????????????????? 4.2?????
4.2???SPM????????????????????????????????????????
????????????????????
4.2.3 ??????
XPM????????????? 2?????????????????????????????
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4.2.4 ???????????????
??????????????????????????????????????????????
?????XPM??????????????? (4.4)???? β2 = β3 = 0?????
j ∂U
∂Z
+ s(Z)|U |2U = −jΓ(Z)U (4.22)
????????Uˆ(Z, T )???? U(Z, T ) ?????????
U(Z, T ) = Uˆ(Z, T ) exp
[
−
∫ Z
0
Γ(ξ)dξ
]
(4.23)
? (4.23)? (4.22)??????????????
j ∂Uˆ
∂Z
+ sˆ(Z)|Uˆ |2Uˆ = 0 (4.24)
????
sˆ(Z) = s(Z) exp
[
−2
∫ Z
0
Γ(ξ)dξ
]
(4.25)
?????????? (K + 1)??????????????????????????
Uˆ(Z, T ) =
K∑
k=0
Uˆk(Z, T )e−j∆ΩkT (4.26)
????????∆Ωk = (ωk − ω0)t0 (k = 0, 1, · · · ,K)????????????? ωk ??????
? ω0 ???????? (4.26)? (4.24)?????????????? XPM????????????
k ??????? ωk ?????????????? (4.17)?????????????
j ∂Uˆk
∂Z
+ sˆ(Z)|Uˆk|2Uˆk = −2sˆ(Z)
K∑
l=0,l ̸=k
|Uˆl|2Uˆk (4.27)
????????0??????????????????????????????????SPM?
??? XPM????????????????0??????????????
j ∂Uˆ0
∂Z
= −2sˆ(Z)
K∑
k=1
|Uˆk|2Uˆ0 (4.28)
???????? Uˆ0(0, T )???????????
Uˆ0(Z, T ) = Uˆ0(0, T ) exp
[
j2
K∑
k=1
∫ Z
0
sˆ(ξ)|Uˆk(ξ, T )|2dξ
]
(4.29)
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????s(Z) = s0(:??)?Γ(Z) = Γ0(:??)????????? (4.29)??
Uˆ0(Z, T ) = Uˆ0(0, T ) exp
[
j2s0Zeff
K∑
k=1
|Uˆk(0, T )|2
]
(4.30)
????????
Zeff =
1− exp(−2Γ0Z)
2Γ0
(4.31)
???????????????? (4.30)? (4.23)?????
U0(Z, T ) = U0(0, T ) exp
[
−Γ0Z + j2s0Zeff
K∑
k=1
|Uk(0, T )|2
]
(4.32)
????? (4.3)??? (4.5)??????
E0(z, t) = E0(0, t) exp
[
−ξz + j2γzeff
K∑
k=1
|Ek(0, t)|2
]
(4.33)
??????????????? XPM??? 0?????????????????????? γ??
?????? zeff?????????????????????? Pk = |Ek(0, t)|2 ??????
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k=1
∆ϕk = 2γzeff
K∑
k=1
Pk (4.34)
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